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abstract

Temperature elevation in the foetus is of concern for excess heat load including
that from radio-frequency exposure. No previous study succeeded in simulating
the temperature difference between the mother and foetus. This study develops a
thermal model for a pregnant woman and then applies it to simulate the
temperature variations due to ambient heat exposure and RF exposure. When the
pregnant woman model is exposed to ambient temperature of 35-45 °C, the core
temperature elevations in the mother and the foetus are almost identical.
Contrarily, the foetal temperature elevation for radio-frequency exposure is

higher than that in the mother.
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1. INTRODUCTION

Numerical modeling of heat transfer in biological tissue has been extensively conducted in
different application [1-7]. Temperature variation in the foetus is of interest to estimate for excess
heat load. For example, other limits were suggested for pregnant women in the hot tub and sauna
considering adverse effects in foetus [8]. However, the time course of temperature elevation in the
foetus has not been reported for excess heat stress, in part due to ethical reason. In addition, there has
been increasing public concern regarding the adverse health effects of exposure to a radio frequency
(RF) field. The thermal effect in the human body is one of the dominant effects of field exposure. As
listed in the high priority research by the World Health Organization [9], the temperature elevation
in the foetus due to RF exposure should be evaluated.

Thermal modeling of foetus has been conducted mainly to investigate the temperature
elevation for RF exposure in magnetic resonance (MR) systems. The limit of the temperature
elevation during MR exposure should be set as less than 0.5 °C according to the international
standard for ‘normal mode’ operation, corresponding to no physiological stress to patients [10].
Temperature elevation in the foetus due to exposure from MR equipment was computed assuming
that the blood temperature elevation in the mother and foetus were constant at 37 °C and neglecting
the thermophysiological response [11]. In [12], the blood temperature in the mother and foetus were
constant at 37 and 37.5 °C, respectively; the thermophysiological response was also not considered.
However, both the blood temperature elevation and the thermoregulatory response cannot be
neglected for power absorption, characterized by whole-body averaged specific absorption rate [13]
larger than 0.4 W/kg [14]. Kikuchi, et al. [15] calculated the foetus temperature by considering the
blood temperature variation using a method proposed in [16]; the blood temperature variation is
assumed to be uniform throughout the body but varies with time to satisfy the thermodynamics law.
However, Kikuchi, et al. [15] did not consider that the blood circulating in the foetus and its mother
is different [17]; thus, the variation of blood temperature should be different in the foetus and mother.
Note that the temperature in the foetus has been reported to be 0.3—0.5 °C higher than that in the
mother in the thermoneutral condition[17, 18]. Owing to the above-mentioned assumptions, the
temperature difference between the foetus and its mother could not be simulated computationally in
previous studies [12, 15].

The purpose of the present study is to develop a new thermal model for a pregnant woman
in which the thermal exchange between the mother and the foetus in the placenta is taken into
account. Then, the foetal and maternal temperature elevation for ambient temperature and RF

exposure is investigated.

2. MODEL AND METHODS

2.1. Human body model

The numeric Japanese pregnant woman model was developed based on the adult female
model named HANAKO [19] which is segmented into 51 tissue types/organs such as skin, muscle,

bone, brain, heart, etc. The pregnant woman model at a gestation of 28 weeks has 56 tissue
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types/organs including the foetal brain and eyes and the placenta [20]. The height and the weight of
the model are 1.59 m, and 59 kg, respectively. The resolution of the human model is 2 mm. Note
that the umbilical vessels are not considered in the pregnant woman model unlike in previous study
[12]. However, this assumption affects computational results marginally because the heat exchange

mainly occurs in the placenta.

2.2. Method for thermal dosimetry

The computational algorithm for thermal dosimetry is given in our previous study [16]. The
bioheat equation are coupled with the equation governing the thermoregulatory response, and
discretised in time domain. In the present study, the algorithm is further developed to include the
heat exchange between the mother and foetus. The method is reviewed briefly.

Temperature variation in the numeric human model was calculated by solving a bioheat
equation [21], which is an equation for modelling thermodynamics in the human body:

C(F)~p(7)a%’:’t) =V(K(F)-VT)+SAR(F,1) + A(¥,t) = O, (F,1) €))

where T(r,t) is the temperature of the tissue, C is the specific heat of the tissue, p is the mass
density of the tissue, K is the thermal conductivity of the tissue, 4 is the basal metabolism per unit
volume, and O, heat exchange between the blood and tissue per unit volume.

In the present study, the heat exchange in the placenta was considered so that the maternal
and foetal blood circulate in the placenta. To simulate the maternal placental and foetoplacental
circulation from the standpoint of thermophysiology, we propose the following equations to

represent the term Oy in (1):

B, (#,t)-(T(¥,t)-T,,(t))  mother
0,(F,1)=1B,,(7,0)-(T(F,t)=T,,,(1)) + B, (F,1)- (T(F,t) ~T, (t)) ,placenta (2
B, (7.0)-(T(F.0) =Ty (1)) .fetus

where T}, and Ty, are the blood temperatures of the mother and foetus, respectively, and B is a blood
perfusion rate and tissue specific parameter. Therefore, there are two mechanisms of heat exchange
between the mother and foetus: one is the conduction of heat through the amniotic fluid, and the
other is the exchange of heat between the maternal and foetal blood at the placenta. From the
original blood perfusion rate of the placenta, the volume ratio of the maternal to foetal blood is
divided into 2:1[17].

One of the features in our computational method is that the core temperature variation can
be tracked in addition to that in the shallow regions of the body. The blood temperatures of the
mother and foetus are considered separately, and they vary according to the following equation, in

order to satisfy the first law of thermodynamics [22]:
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Ty, () =Ty, + Mdr (3)
' t CBPBVB,n

where T3 is the blood temperature of the mother or foetus, and 7Ty is its initial blood temperature.
Note that the blood temperature is assumed to be constant as one variable over the body in the
thermal computational methods including the bioheat equation. Opr is the net rate of heat acquisition

by the blood from body tissues, Cp (= 4,000 J/kg-°C) is the specific heat of blood, and pg (= 1,050
kg/m’) is the mass density. The subscript n (n = 1,2) represents the foetus and the mother,
respectively. Vp is the total volume of blood, which was chosen to be 5,000 ml for the mother and 70
ml for the foetus [23].

The boundary condition between air and tissue in (1) is expressed as:

—K(F)% = H(7)-(T,(F,0)=T,(0)) +40.6-(SW (F,T, (7.t ))+ PI)/ S (4)

where H, T, and T, denote the heat transfer coefficient, the body surface temperature, and the air
temperature, respectively. The heat transfer coefficient, which is given in the formula by Fiala, et al.
[24], includes the convective and radiative heat losses. S is the surface area of the human body, SW
[¢/min] is the sweating rate, and P/ (= 0.63 g/min) is the insensible water loss from the skin and the
respiratory tract. The value of 40.6 is a conversion coefficient [J min/ g/s]. The sweating rate is
modelled based on the formula proposed by Fiala, et al. [25], which is governed by the average skin
and core temperature elevations. A detailed description and validation for the sweating model can be
found in our previous study [16, 26], which are mostly taken from Duck [27].

Maternal thermal parameters (specific heat, the thermal conductivity and the basal
metabolism per unit volume) are identical to those used in our previous study [16]. Note that these
parameters are considered as organ/tissue specific values. However, different basal metabolic rates
are given between the foetal and maternal tissue. Specifically, the thermal parameters for the foetal
tissue are taken from Groen and Bosch [12]. It should be note that the thermal constants in the
mother with and without the pregnancy are marginally different except for the increase of the basal
metabolism caused by the foetus. For the set of thermal parameters, the basal metabolic rates in the
mother and foetus are 1.4 W/kg and 3.8 W/kg, respectively, which are in good agreement with the
measured/estimated values of 1.2 W/kg and 3.5—4.5 W/kg [28].

For temperature elevation above a certain level, the blood perfusion rate is increased in
order to carry away the excess heat produced. The variation of the blood perfusion rate in the skin
through vasodilatation is expressed in terms of ATy and ATs:

BUF1) = (By(F) + FygAT, (1) + FgAT (1)) - 27750 )



where Fyp and Fsp are the weighting coefficients of signal from the hypothalamus and skin,

respectively. The coefficients Fy5 and Fsp in Eq. (5) are 17,500 W/m?/°C? and 110 W/m?/°C?[29].
Note that the blood perfusion rate in the skin is assumed to be constant in the foetus, corresponding
to no thermoregulatory response. The blood perfusion in all tissues except the skin was considered
as constant, which is similar to [30].

The effectiveness of this computational algorithm was verified by comparing the measured
and computed temperatures of the skin and body core in the adult female without pregnancy when

changing the ambient temperature [26].

2.3. Method for electromagnetic dosimetry

The finite-difference time-domain (FDTD) method was used for calculating the power
absorption in an anatomically based human model. An in-house FDTD code, which was validated
via inter-comparison, was used [31]. To incorporate the anatomically based model into the FDTD
method, the frequency-dependent electrical constants of the tissues are required. These values were
taken from a formula based on measurements by Gabriel, et al. [32]. The computational region was

truncated by applying a twelve-layered perfectly matched layer absorbing boundary.

2.4. Exposure scenario

Two exposure scenarios were considered: ambient heat exposure and RF exposure. For both
scenarios, the pregnant woman model with nude condition was assumed to be standing in free space.
For ambient heat exposure, the ambient temperature was changed from 28 °C, which is the
thermoneutral condition, to 35, 40, and 45 °C at time ¢ = 0.

For RF exposure, a plane wave with a vertical polarization was considered. Note that plane
wave exposure is considered instead of exposure from actual MR systems, because international
guidelines consider this scenario. The ambient temperature was set as 28 °C. The plane wave was
incident on the body model from the front (along the anteroposterior direction). The frequencies of
the electromagnetic waves were chosen as 45, 80, and 500 MHz. At 80 MHz, the whole-body
averaged SAR became maximal due to the standing wave along the body height direction for
exposure in free space [33]. The duration of exposure was chosen as 1 hour. This duration was
chosen so as to be longer than the averaging time of 30 min considered in the ICNIRP guidelines
[34] and the thermal time constant for a male with a lower perspiration rate (40-50 min) in our
previous study [16]. The relative humidity of 50% and wind speed of less than 0.1 m/s was assumed
through the computation.

3. COMPUTATIONAL RESULTS
For the thermoneutral condition at an ambient temperature of 28 °C, the thermal balance of
the adult female model without pregnancy was maintained [26]; blood temperature did not change

from 37.0 °C. Then, the temperature in the pregnant woman model was calculated for the same



parameters to reach a thermally steady state, as shown in Fig. 1. The maternal and foetal blood
temperatures were 37.16 and 37.41 °C, respectively. The higher blood temperature in the foetus is
attributable to the higher basal metabolic rate of the foetus [17]. The temperature in the
hypothalamus (as a surrogate of core temperature) in the foetus and mother were 37.16 and 37.49 °C,
respectively. This temperature difference of 0.33 °C is in good agreement with measured data of
0.3-0.5 °C[18].

For heat exposure at 3 ambient temperatures of 35, 40, and 45 °C, the blood temperature
elevations in the foetus and its mother were tracked and are shown in Fig. 2. The same tendency was
observed in the blood temperature elevation between the foetus and its mother. The blood
temperature difference was 0.25 °C at the initial condition. This difference did not change
significantly (0.25—0.28 °C) during the exposure even for different ambient temperatures.

For plane-wave exposure of the whole-body averaged SAR of 2 W/kg and 4 W/kg at 80
MHz, the temperature variation and relative difference of maternal and foetal blood are shown in Fig.
3. The maternal and foetal temperatures were 37.56 and 37.91 °C, respectively. This difference of
0.35 °C was larger than that at the initial state of 0.25 °C.

In order to confirm this tendency further, the temperature elevation of maternal and foetal
blood and their difference were investigated in figures 4 (a) and (b) for different whole-body
averaged SARs and frequencies. Note that the averaged SARs for the foetus were 0.97 W/kg at 46
MHz, 2.65 W/kg at 80 MHz and 1.03 W/kg at 500 MHz when the whole-body averaged SAR in the
pregnant woman model was 4.0 W/kg. As shown in figure (a), core temperature elevation becomes
large with the increase of whole-body averaged SAR. Marginal nonlinearlity may be attributable to
the sweating, as discussed in Hirata, et al. [23] of the From figure 4 (b), the temperature difference
increased with the increase of whole-body averaged SAR, and was frequency dependent. The
electromagnetic energy absorbed by the foetus may have contributed to the blood temperature
elevation of the foetus. Note that the heat generated in the biological tissue diffuses by a few
centimetres, and thus the energy absorbed around the foetus also contributed to the foetal blood

temperature [35].

4. DISCUSSION

In previous studies, the blood temperature in the foetus and its mother were either
considered separately but assumed not to vary with time [12] or assumed to be constant over the
foetus and its mother but to vary with time [15]. In the present study, the body temperatures in the
foetus and its mother were represented systematically by introducing Egs. (2) and (3), and the
computed data are in good agreement with the measured data at the thermally steady state without
any heat load. Further validation is difficult because measured data of foetus for environmental heat
exposure is not available as far as the authors know, in particular for the unique core temperature
elevation in the foetus for RF exposure, as shown in figure 4.

One of the weaknesses of our modeling is that the umbilical vessels are not considered in

the pregnant woman model used here, and thus its impact on the modeling cannot be evaluated.
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However, the maternal and foetal blood temperature is assumed to be uniform over the body but
variable as time. Thus the heat exchange between the umbilical vessels does not affect the fetal
blood temperatures significantly.

For ambient heat exposure where the heat load exists on the body surface only, the blood
temperature elevations in the foetus and its mother were almost identical for different ambient
temperatures ranging from 35 °C to 45 °C. For RF exposure, the blood temperature elevations in the
foetus and its mother were different, particularly when the whole-body averaged SAR was high. The
temperature difference between the mother and foetus was increased to 0.36 °C, which is larger than
the original value of 0.25°C. This phenomenon cannot be represented by the models in the previous
studies [12, 15]. This different tendency between the ambient heat exposure and RF exposure was
attributable to the electromagnetic power absorbed in/around the foetus.

The difference between maternal and foetal blood temperature of 0.25-0.36 °C is
approximate difference from Kikuchi, et al. [15], in which foetus temperature would be
underestimated. In addition, core temperature elevation in figure 4 (a) corresponds to the difference
between our modeling and that in [21]. From figure 4 (b) , the model used by Hand et al. [12]
appears to be reasonable for whole-body averaged SAR of 0.4 W/kg or less because the blood
temperature difference does not change. Note that the actual temperature difference between the
foetus and its mother reported here would be smaller because the duration considered herein was 60
min, while the duration for MR equipment is less than 20 min [7].

Let us discuss some computational uncertainty and variability of temperature elevation
which is attributable to thermal parameters. According to our previous studies [14, 16], the dominant
factor affecting core temperature elevation is the sweating rate. The individual difference of
sweating may affect the core temperature elevation by 30% or so. In addition, the sweating is
governed by the average skin and core temperatures. Recently, new thermal was proposed around
the body surface [36]. The use of this thermal model may result in some difference of skin
temperature for larger whole-body averaged SAR, leading to some alternation of sweating. On the
contrary, in that study, the core temperature elevation was not evaluated, and thus difficult to discuss
the modeling effect quantitatively. However, that modeling may not affect the maternal and foetal
core temperature difference significantly, because the foetal temperature is mainly characterized by

the basal metabolic rate and the blood perfusion rate in the placenta.

5. SUMMARY

In the present study, a new thermal model for the pregnant woman model was proposed, and
it is an extension of our thermal model which can take into account the blood temperature variation.
This thermal model was applied to simulate the temperature variations in the pregnant woman due to
ambient heat exposure and RF plane wave exposure. In particular, different tendency was observed
between the ambient heat and RF exposures. When the pregnant woman model was exposed to
ambient temperature of 35-45 °C, the core temperature elevations in the mother and the foetus are

almost identical. On the contrary, the foetal temperature elevation for RF exposure is higher than
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that in the mother. This higher temperature elevation in the foetus becomes obvious, particularly

when relative large electromagnetic energy absorption occurs in and around the foetus.
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Figure Captions

Figure 1. Numerical pregnant woman model and its temperature distribution at the thermally steady

state without heat load. Elliptic dots approximately represent the position of amniotic fluid.

Figure 2. Blood temperature variations in the foetus and its mother for different ambient

temperatures (35, 40, and 45 °C).

Figure 3. Blood temperature variations in the foetus and its mother for whole-body averaged SAR of

2 and 4 W/kg for plane wave exposure at a frequency of 80 MHz.

Figure 4. (a) Blood temperature of the foetus and its mother for different whole-body averaged

SARs and frequencies and (b) its relative difference.

12



Temperature [°C]

VA%

L e

a2 #.,..__. .:
T

38

Front

Fig. 1.

13



Blood Temperature[°C]

39.0
38.8
38.6
384
38.2
38.0
37.8
37.6
374
37.2
37.0

600

1200

1800 2400 3000 3600
Time(s]

Fig. 2.

14



Blood Temperature [°C]

384

38.2

38.0

37.8

37.6

374

37.2

37.0

1200 1800 2400 3000 3600
Time [s]

Fig. 3.

15



Core Temperature Elevation [°C]
o o o o —
[\S] BN N oo laz]

o
o

& &
W N

S
~

&
)

Temperature Difference [°C]

Foetal

(45 MHz)

Foetal
(500 MHz)

.
~Ld
>

-
-
fo=

(500 MHz)

-

-

”
-
-
- td
-
-2 s
”
-

.=
-
-
-
-
-

Maternal
(500 MHz)

1 2

3 4

Whole-body Averaged SAR [W/kg]

(a)

80 MHz

45 MHz

500 MHz

1 2

3 4

Whole-body Averaged SAR [W/kg]

(b)

Fig. 4.

16




